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Abstract 

We have investigated magnetic and transport properties of the kagome-bilayer ferromagnet 
FesSn2. A soft ferromagnetism and a large anomalous Hall effect are observed. The saturated Hall 
resistivity of Fe3Sn2 is 3.2 /iilcm at 300 K, which is almost 20 times higher than that of typical 
itinerant-ferromagnets such as Fe and Ni. The anomalous Hall coefficient R s is 6.7xl0 -9 ficm/G at 
300 K, which is three orders of magnitude larger than that of pure Fe. R s obeys an unconventional 
scaling to the longitudinal resistivity, p xx , of R s oc . Such a relationship cannot be explained by 
the skew and/or side-jump mechanisms and indicates that the origin of the anomalous Hall effect 
in the frustrated magnet Fe3Sn2 is indeed extraordinary. 

PACS numbers: 72.20.My, 75.47.-m, 75.50.Bb 
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INTRODUCTION 



The Hall effect is the sideways deflection of an electron current due to an off-diagonal 
coupling between electric and magnetic field In itinerant ferromagnets, such as Fe or Ni, 
the presence of a spontaneous magnetization allows the effect to occur in the absence of an 
external magnetic field leading to a giant Hall resistivity, termed the anomalous Hall effect 
(AHE). Understanding this phenomenon and its origins are amongst the most fundamental 



and long term problems in condensed matter physics 

In itinerant ferromagnets the Hall resistivity (pn) consists of two contributions: 

Ph = -Pxy = R H ext + AnRiM, (1) 

where R\ = (1 — N^)R + R s , R Q is the ordinary Hall coefficient, _R S the anomalous Hall 
coefficient, H exi the external magnetic field, M the magnetization, and the demagnetizing 
factor. The first term of the right-hand side in Eq. ([I]) represents the ordinary Hall effect. 
The second term is in proportion to the magnetization and represents the AHE. The origins 
of the AHE are commonly separated into extrinsic and intrinsic mechanisms, though these 
were both first considered to be based on spin-orbit coupling and the spin polarization 
of conduction electrons. The extrinsic mechanisms are skew-scattering, where spin-orbit 
coupling breaks the left-right symmetry of the Mott scattering of charge carriers by an 
impurity 4|, and side-jump scattering, which corresponds to a lateral displacement of an 
electron perpendicular to the direction of its spin and wavevector [5|. An example of an 
intrinsic mechanism is that proposed by Karplus and Luttinger 3] based on a ferromagnetic 
Hamiltonian with spin-orbit coupling. The eigenstates of such a system have the form of 
translationally invariant Bloch waves that interact through the interband matrix elements 
of the current operator, leading to an anomalous Hall current when the two spin states are 
unequal, i.e. under the condition for ferromagnetism. Recently, alternative mechanisms for 
the intrinsic AHE in conventional ferromagnets has been suggested based on a Berry phase 
that arises as conduction electrons move through non-trivial spin configurations 



10, 111! , giving new directions for research into this 



and the orbital Aharonov-Bohm effect 
extraordinary effect. 

Much interest was generated from the observation of the AHE in the pyrochlore ferro- 
magnet Nd2Mo2C>7, as it was argued that the chiral magnetic ordering gave rise to a Berry 



phase in the electronic scattering 



12 



131 ] . Recent studies have, however, cast doubt on 



this explanation, as the changes to the AHE appear not to follow those to the magnetic 
structure induced by a magnetic field 



Q, Q . It therefore appears that other qualities are 



responsible for the AHE in Nd2Mo2C>7, presumably related to spin frustration - the compe- 
tition between magnetic interactions. Its purest realization is in the geometrically frustrated 
magnets, where exchange geometries based on triangular plaquettes hinder the formation of 



conventional Neel order and allow the formation of a wide variety o: 



such as the quantum spin fluid 
partially ordered spin structures 



Id 17 1, topological spin glass 



exotic ground states, 

n - 
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22|, and 



241 ]. The influences of spin frustration in frustrated 



ferromagnets is less well understood due to the scarcity of model systems. Despite this 



the work on frustrated ferromagnets with localized spins, the spin ices 
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29] 



shows clearly the wealth of exotic behavior that can be hosted by frustrated ferromagnetic 



states [30, 



3jj. The challenge is now to develop an understanding of how geometric frus- 



tration enriches the physics that results from coupling the dua 



and itinerant electrons, and effects such as the Kondo effect 32| or the competition between 



characters of localized spins 



itinerant and dipole anisotropics [33l. I34J. 135] 



The itinerant ferromagnet FesSn2, where the Fe-ions make up a kagome-bilayer structure, 
was recently proposed as a model system with which to explore the interplay between con- 
duction electrons, localized spins and spi n frustration 36j. While this intermetallic material 



has been known for some time 



37. 



38, 



39 



40, 



41 



42 1, its recent reexamination frustrated 

60 K 



itinerant ferromagnet lead to the discovery of a re-entrant spin glass phase below T g 
and the suggestion of a non-trivial canted ferromagnetic spin structure that rotates slowly 
from the kagome planes towards the c-axis upon warming from ~ 60 K to near the high 
temperature ferromagnetic transition T c ~ 640 K 36]. In this work, we have investigated the 
magnetotransport properties of FesSn2 in the intermediate non-trivial ferromagnetic regime 
where the moments are rotated away from the c-axis and show it to possess an anomalously 
large R s that cannot be understood in terms of the conventional AHE mechanisms. These 
results, suggest clearly that an alternative mechanism is responsible for the AHE in this 
frustrated magnet. 
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EXPERIMENTAL 



Polycrystalline samples of Fe3Sii2 were prepared following the method given in Ref. [36. 
Laboratory X-ray diffraction analysis of the samples showed a small amount of FeSn and 
FeSn 2 impurity phases (5 % at maximum). As these materials are antiferromagnets, they are 
not expected to have a significant effect on the measured data shown below. We prepared 
the sample for the transport measurements by cutting from a pressed pellet a monolith 
with dimensions of 4.0x1.0x0.5 mm 3 . The magnetization measurements were performed 
by using a commercial SQUID magnetometer (MPMS-XL7, Quantum Design, Inc.) in 
magnetic fields up to 7 T. The electrical resistivity was measured between 2 and 300 K by a 
conventional dc four-probe method with a current of 1 mA. The Hall resistance was measured 
between 100 and 300 K in magnetic fields up to 7 T. In the Hall resistance measurements, the 
Hall voltage Vh at each measured temperature was determined from the measured voltage 
V(H ext , I) as V n (H ext ) = (l/4)(U(# cxt , I) - V(H cxt , -I) + V(-H cxt , -I) - V(-H cxt , I)) so 
that unwanted signals from misalignments of the contact electrodes and from thermoelectric 
voltages were canceled. 

RESULTS AND DISCUSSION 



Previous work has show this sample of FesSn2 to display ferromagnetic ordering at T c = 
640 K, a slow rotation of Fe-moments from the c-axis towards the kagome plane on cooling 
down to 60 K, and a re-entrant spin glass phase below T g ~ 60 K 36j. The rotation of the 
moments from the c-axis is notable as it involves relaxation of the rules that the moments 
are collinear and equal, and instead allows the formation of a non-trivial ferromagnetic 
phase in which the moments are not collinear and differ in magnitude. This complexity 
of the magnetic order is expected to be partly responsible for the formation of the low 
temperature spin glass phase and may be the origin of the AHE presented in this study. 

The magnetization curves as a function of the effective magnetic field H e g in the tempera- 
ture range between 100 and 300 K are shown in Fig. H^a), where H e g = H ext — AttN^M . The 
value of the demagnetization correction N<i(= 0.5667) is calculated following work on rectan- 
gular prisms by Chen et al j^J. A rapid saturation and a weak remanent-magnetization are 
observed. The value of the saturation magnetization M s estimated by the Arrott plot (M 2 vs 
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H c ff/M) method is 2.0 /xe/Fe at 100 K, in good agreement with literature values [36l. I40u41]. 

The electrical resistivity, p xx , of Fe3Sn 2 shows a metallic temperature dependence, and is 
0.8 mf2cm at 300 K. The residual resistivity ratio (RRR) defined as p xx (300 K)/ p xx (A K), 



is close to 4. This value is much smaller than that of pure Fe and Ni [44j and indicates 
that the impurity and/or a grain-boundary scatterings are significant in this polycrystalline 
sample of FesSn 2 . 

The magnetic field dependence of pn is shown in Fig. El^b) for Fe3Sn 2 in the temperature 
range between 100 and 300 K. The shape of the pu-H e g curves is very similar to that of the 
magnetization curves, i.e., a rapid increase from poH e g = to 0.5 T and a saturation in 
higher magnetic fields. The saturated value of pn is 3.2 pflcm at 300 K, that is almost 20 
times higher than that of typical itinerant-ferromagnets Fe and Ni Ql, and is comparable 
to that of the pyrochlore molybdate Nd 2 Mo 2 07 at low temperatures [461 ] . 

Substituting Ri[= (1 — N d )Ro + Rs] into Eq. (JTj), and division of both sides by H eS , gives 
the following expression: 

p H /H eS = R + An(R + R s )(M/H cS ). (2) 

This relation allows the extraction of the values of the ordinary Hall coefficient, Ro, and the 
anomalous Hall coefficient, i? s , from the intercept and slope of pn/H e f[ plotted as a function 
of M/H c fi, respectively. The values of pn/H c s vs. M/H c s for Fe 3 Sn 2 in the temperature 
range 100-300 K are shown in Fig. [31 p^/H e ^ is highly linear in M/H e d, indicating that the 
AHE contribution of FesSn 2 is proportional to the magnetization. For all temperatures, the 
value of |i?o| is of the order of 10~ 12 Qcm/G. The carrier density, n, estimated by Rq = \l/nec\ 
(e is the elementary electric charge; c is the velocity of light.) is 10 22 ~ 10 23 cm~ 3 , which is 



in the range of n values of conventional metals including pure Fe and Ni [44|. In contrast, 
the value of R* is 6.7xl0 -9 f2cm/G at 300 K, and is three orders of magnitude larger than 



R s of pure Fe [44| and Ni [45]. 



Figured] shows R s as a function of reduced temperature T/T c for the present sample, pure 



Ni, and Ni-Cu alloys [45j. For pure Ni, the R s takes a maximum peak at around 0.9T C (not 
shown in Fig. [4]), and approaches towards zero below the peak [451]. For the ferromagnetic Ni- 
Cu alloys, a residual component of i? s is observed at low T/T c and increases with increasing 
Cu concentration. For example, the R s of Nio.9062Cuo.0938 is 7xl0~ 12 Qcm/G at T/T c = 0.2 
and is almost 10 times higher than that of pure Ni. Although Fe3Sn 2 shows nearly the 
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same residual resistivity ratio as of Nio.9062Cuo.0938, the residual component of R s is small. 
The small i? s at low temperature indicates that the residual resistivity does not affect R s , 
and suggests that the origin of the large AHE on Fe 3 Sn 2 cannot be explained by a simple 
extrinsic origin such as impurity effects. 

Following to the preceding work by Miyasato et al. we show in Fig. 0the absolute 
values of I function of a xx for the present sample (open circle) and for a range of 



other materials collated by Fukumura et al. 



471 ]. namely ferromagnetic (FM) pure metals, 



diluted magnetic semiconductors (DMSs), perovskite manganites ((La,A)Mn0 3 ), and Co- 
doped rutile Ti02 on the same figure. Fe3Sn 2 shows a xx ~ 10 3 S/cm, and lies in the crossover 
region between metallic (10 4 S/cm < a xx < 10 6 S/cm) and hopping (a xx < 10 4 S/cm) 
regimes. While many other ferromagnetic materials classified within the hopping regime 
are semiconducting, the temperature dependence of the resistivity shows FesSn2 to display 
metallic conduction (inset of Fig. [2^). Reflecting this extraordinary behavior, Fe3Sn 2 does 
not obey the expected a xy oc a\ x scaling (see open circles in Fig. [5]) . 

Conventionally, the AHE has been characterized by the phenomenological relation be- 
tween R s and p xx : 

R s = ap xx + bp 2 xx , (3) 

where a and b are constants. The linear and the quadratic terms in p xx are attributed to the 
skew-scattering [4] and the side-jump mechanism [fj, respectively. In many experimental 
cases of the AHE, a simpler relationship is found in which R s is proportional to p™ x , with 
the index lying in the range n — 1 ~ 2. In our case, the R s of Fe3Sn 2 does not obey Eq. ([3]) 
and is instead proportional to p xx . 

According to Eq. (J3J) a large p xx , yields a large Hall resistivity. This scheme may provide 
a possible explanation for the large Hall resistivity of nanocomposite granular systems. As 



reported by Gao et al. 481 ]. in co-sputtered Fe^Sn!^ granular alloys a large saturated Hall 
resistivity is 8.68 pQcm at room temperature and pu oc p xx . Clearly more detailed studies, 
such as annealing effect and impurity-doping effect are needed to understand the observed 
relationship between R s and p xx . 
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CONCLUSIONS 



In summary, we have measured the magnetization, electrical resistivity and Hall resistivity 
of a kagome-bilayer ferromagnet Fe3Sn 2 . A soft ferromagnetism and a large anomalous 
Hall effect are observed. The saturated Hall resistivity and the anomalous Hall coefficient 
of Fe 3 Sn 2 are 3.2 /idem and 6.7x10 9 f2cm/G at 300 K, respectively. The o xy oc <y\^ 
scaling seen in many other AHE materials is not observed for FesSn 2 polycrystalline sample. 
Instead, the R s is found to be proportional to p^, suggesting that the AHE on Fe 3 Sn 2 
is both unconventional and intrinsic, i.e. it cannot be explained by the extrinsic effects of 
impurities. We speculate the origin of the effect is the non-trivial ferromagnetic structure 
and the frustration associated with the localized spins of the kagome-bilayer structure. 
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Figures 




FIG. 1: The crystal structure of FesSn2 is made up of Fe/Sn bilayers separated by Sn. The Fe ions 
form a kagome-bilayer structure made up of 2 sizes of equilateral triangles shown in red and blue 
(color online) [361 ] . 
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FIG. 2: (a) Magnetic field dependence of magnetization at various temperatures. The inset shows 
the temperature dependence of the electrical resistivity p. (b) Magnetic field dependence of the 
Hall resistivities for a Fe3Sn2 polycrystalline sample at various temperatures. 
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FIG. 3: pn/H e g vs M/H e g at various temperatures. 
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FIG. 4: Anomalous Hall coefficient {R s ) as a function of reduced temperature (T/Tq) for FesSn2, 
pure Ni, and Ni-Cu alloys. 
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FIG. 5: Absolute value of the anomalous Hall conductivity | function of longitudinal 

conductivity a xx in FesSn2 (open circle), ferromagnetic (FM) pure metals, diluted magnetic semi- 
conductors (DMSs), perovskite manganites ((La, A)y[nO^), and Co-doped rutile Ti02- The inset 
shows the R s and p yx (= pn) as a function of p* x (= p xx — po) for FesSn2. 
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